Abstract: Multiple optical traps allow one to manipulate multiple particles simultaneously, to characterize interactions in colloidal systems, and to assemble particles into complex structures. Most of the current multiple optical traps are realized with microscope objective-based optical tweezers, which are bulky in size. In this article, we created multiple optical traps with an inclined dual-fiber optical tweezers setup. One 3D trap and two 2D traps were formed at different vertical levels with adjustable separations and positions. We demonstrated that this fiber-based trapping system can be used as a simple block to perform multiple functions, such as particle grouping, separation, and stacking. Moreover, we found that multiple beads can be trapped and stacked up in three dimensions. Compared with those formed with objective-based optical tweezers, the multiple traps presented here are small in size and independent of the objective or the substrate, and hence hold the promise to be integrated in microfluidic systems. This fiberbased multiple traps can be used for on-chip parallel manipulation, particle separation, and characterization of interactions of colloidal and biological systems.
Introduction
Optical tweezers (OTs) have been widely used for non-contact manipulations of micro-or nano-sized particles since they were invented by Ashkin et al in 1986 [1] . When the light from OTs is incident on and deflected by the surface of an object, optical forces are applied to the object due to the photon momentum change. With the help of OTs, single molecules have become accessible units to biologists and physicists [2] . Although OTs were originally designed to manipulate a single particle at a time [3] , multiple optical traps that can provide simultaneous manipulation of multiple particles are desirable in many applications. Multiple optical traps have been used to characterize the interactions of colloidal systems [4] , to assemble particles into complex structures [5] , and to trap and orient delicate particles [6] . Various techniques have been employed to generate multiple optical traps, such as one or two objectives with multiple input beams [4, 7, 8] , time-sharing approaches with a scanning laser beam [6] , interference of multiple beams [9] , fringes created with a phase-only rectangular ridge [10] , diffractive optics [11] , and, more commonly, computer-generated holograms [5, 12] . All of these methods make use of traditional objective-based OTs, which are bulky, expensive, and hard to integrate.
Particle manipulation methods that can provide multiple traps in parallel and be readily integrated in miniaturized systems for biological analysis and diagnostics [7, 13] , e.g., lab-ona-chip systems, are of great interest. In these integrated and scaled-down devices, the large objectives needed to enable optical traps have to be replaced by smaller units. In literature, an array of parabolic micromirrors has been used to create multiple traps with each trap formed at the focus of a micromirror [14] . Compared with these embedded micromirrors, optical traps built with optical fibers provide a more flexible solution towards compact, integrable multiple traps. Optical fibers are small in size and biocompatible [15] , and therefore can be potentially integrated in a lab-on-a-chip system for biological applications. Multiple two-dimensional (2D) optical traps have been realized previously with a bundle of optical fibers [3] , in which each individual fiber forms a separate trap. More recently, counter-propagating dual photonic crystal fiber traps have been demonstrated to confine multiple particles in the intensity minima or maxima of the standing waves [16] . In another work, a Bessel beam emitted from a single optical fiber with an axicon-shaped fiber tip has been employed to trap multiple particles with a low refractive index [17] . For the abovementioned fiber-based multiple traps built with fiber bundles and standing waves, the separations between the traps cannot be adjusted. In addition to multiple optical traps, optical binding using fiber-based systems has also been exploited to confine particles of micrometers or sub-micrometers, such as the single optical fiber with an axicon-shaped fiber tip [18] and the counter-propagating dual fiber traps [16, 19] . The optical binding effects can be explained as that multiple particles are distributed in a self-organized way, due to the interaction between the particles and the optical field, to minimize the energy of the whole particle-light system [19] . The fiber-based optical binding introduced above can only confine particles in a chain-like one-dimensional structure with fixed particle separation.
In this paper, we report multiple optical traps built with an inclined dual-fiber optical tweezers (DFOTs) system. A similar system has been reported to form a single trap for particle levitation [20] . In our previous work, the performance of the 3D trap was investigated both experimentally and numerically [21] . Here, we formed three optical traps on different vertical planes, one 3D trap below the beam intersection and two 2D traps on the cover glass. The inclined DFOTs system can be controlled as a whole block containing two fibers, resulting in controllable positions of the three traps with a single actuator. The trap separations are readily tunable by changing the vertical position of the block. We demonstrate experimentally that the multiple traps can perform multiple functions: particle separation, particle stacking, and particle grouping. We observed in the experiment that multiple beads were trapped in three dimensions. The optical forces on the yz plane are investigated numerically. Particle separation and stacking and 3D trapping of multiple beads are explained according to the force field obtained from the simulation results. Different from the fiberbased multiple traps and optical binding reported in the literature, no additional actuator is needed in order to adjust the separations between the traps, which makes the inclined DFOTs system simpler and more flexible.
Experiment

Experimental setup
The inclined DFOTs system is built on the platform of an inverted microscope (CKX41, Olympus Inc.), as shown in Fig. 1 . Light from an 808 nm fiber-coupled laser diode (FMXL808-080SA0B, Bluesky Research) is equally split into two lensed fibers (OZ Optics). The optical beams exiting from the lensed fibers are used to form optical traps in water. Each lensed fiber is attached to a miniature 3D translation stage (07TMC521, CVI Melles Griot) to facilitate fiber alignment. The fibers are aligned before experiment once and for all. Both stages are fixed on a board so that they can be moved together as a block by a third 3D stage. The fibers are arranged to form an inclination angle θ of 50° with respect to the vertical axis z (see Fig. 2 ). The separation between the fiber tips is 45 µm along the y direction. The optical beam emitted from each lensed fiber has a beam waist of 1.35 µm, which is located 12 µm from the fiber endface. The total optical power emitted from both fibers is 21.0 mW. A coverglass with a water drop containing silica beads (Bangs Laboratories, Inc.) is placed on a two-dimensional stage. The silica beads have a diameter of 4.74 µm, a density of 2.0 g/cm 3 , and a refractive index of 1.45. The experiment is monitored with an oil-immersion objective (PlanC N 100 × /1.25, Olympus Inc.) and recorded with a CCD camera (Moticam 1000, Motic).
Trapping principle of the multiple traps
In the inclined DFOTs shown in Fig. 2 , there are one 3D trap formed at Bead 2 and two 2D traps at Bead 1 and 3. For Bead 2, each beam induces a scattering force [1] that is along the light propagation direction and a gradient force [1] that is opposite to the intensity gradient (i.e., towards the optical axis). Bead 2 is trapped in three dimensions when the four forces applied by the two beams, two transverse gradient forces (F g1 and F g2 ) and two scattering forces (F s1 and F s2 ), are balanced. The equilibrium position is slightly below the intersection of the two beams [21] . It is noted that the gravity and buoyancy are important to consider whether a 3D trap can be formed, although they are not shown in Fig. 2 . The 2D traps at Bead 1 and Bead 3 are similar with each other due to symmetry, so we only discuss the trapping of Bead 1. The beam from Fiber 1 is much further away from Bead 1 than that from Fiber 2, so we only consider the optical forces applied by the beam from Fiber 2. When the gradient force (F g ) and the scattering force (F s ) reach equilibrium with the normal force (N) applied by the substrate, Bead 1 is trapped on the substrate. By moving the two fibers as a block, the separations between the traps as well as the trap positions can be adjusted. 
Demonstration of multiple traps and particle separation
The images captured consecutively from a video clip of the multiple traps are shown in Fig. 3 . There were five beads in the field-of-view, each labeled with a number to track their movement. The two shadows on both sides of the pictures are the fiber tips, which are out-offocus and blurry. The beam intersection was initially close to the coverglass, which formed an aura as can be seen in the center of Fig. 3(a) . With the coverglass moved around, Beads 1, 2, and 3 were trapped, as shown in Fig. 3 (b). The three trapped beads were in contact with each other due to the position of the beam intersection. Beads 4 and 5 were free reference beads, which were lying on the coverglass and could be moved together with the coverglass. When the fiber block was moved along + z direction, the three trapped beads were separated: the separation between Beads 1 and 3 increased and Bead 2 was lifted up from the coverglass, as shown in Figs. 3(b)-3(d). At this moment, Bead 2 was trapped in three dimensions while Beads 1 and 3 were trapped in two dimensions on the coverglass. Then, the traps were fixed and the coverglass was moved in xy plane (see Fig. 3 (d)-3(f)). During this process, all three traps remained stable. As the height of the fiber block was increased further, the two 2D traps became weaker and weaker. Beads 1 and 3 were found to remain trapped when the height of Bead 2 was up to 30 µm above the coverglass (the separation between Beads 1 and 3 were around 70 µm). These experimental results demonstrate that the inclined DFOTs can be used to simultaneously manipulate multiple particles at different vertical levels as well as align particles in line. The positions and separations of the three traps can be controlled by moving the fiber block. When the fiber block is lifted up, both the height of the 3D trap and the separation between the two 2D traps are increased, rendering the ability to separate particles that stick together. In addition to particle separations, the multiple traps created with the inclined DFOTs also bestow this setup the capability of particle stacking, particle grouping, and trapping multiple particles in three dimensions, which will be detailed next.
Particle stacking
To better demonstrate particle stacking, four beads were trapped initially by the multiple traps, as shown in Fig. 4(a) . At this moment, Bead 2 was trapped in the 3D trap, and the rest of the beads were trapped by the two 2D traps, as illustrated in Fig. 4(d) . When the beam intersection was brought close to the coverglass by lowering down the fiber block, the separations between the four beads became smaller, as shown in Fig. 4(b) and Fig. 4(e) . As the fiber block was lowered down further, Beads 1, 2, and 3 became in contact with each other, and Bead 4 was stacked up above Bead 3, as shown in Fig. 4(c) and Fig. 4(f) . 
Particle grouping
For particle grouping, five beads (Beads 1 to 5) were first separated into three groups by the three traps created by the inclined DFOTs, as shown in Fig. 5(b) . Each 2D trap confined two beads in a group and the 3D trap trapped one bead above the other two groups. As the coverglass was moved along -y direction (Fig. 5(c) ), Beads 1 to 5 remain trapped in the three groups. The laser was then switched off to allow all beads freely return to the coverglass and regroup. After regrouping, one bead (Bead 1) was trapped solely by one of the 2D traps, and three other beads (Beads 2, 4 and 5) were trapped in a group by the other 2D trap, with another bead (Bead 3) trapped by the 3D trap, as shown in Fig. 5(e) . When the coverglass was moved in -x direction (Fig. 5(f) ), the five beads remained trapped in their groups, indicating that the traps and grouping were stable. It should be noted that there is an upper limit of the number of particles that can be grouped. The number of particles that can be trapped in each trap is limited by both the beam parameters (e.g., power, size, and wavelength) and the particle size. With the beam parameters and the particle size used in our experiment, the largest number of trapped particles in one 2D trap is three. The largest number of particles that can be trapped by the 3D is also three, which will be shown in Section 2.6. This implies that the largest number of particles that can be grouped is nine. 
Trapping multiple particles in three dimensions
In addition to 3D trapping of single particles reported previously [20, 21] , the 3D trap of the inclined DFOTs system was found to be able to trap multiple traps in three dimensions. Six free beads stayed rest on the coverglass initially as shown in Fig. 6(a) . When the fiber block was lowered down and then lifted up, three beads (Beads 1, 2, and 3) were trapped by the 3D trap, as shown in Fig. 6(b) . As the coverglass was moved in the x directions, the trapping of the three beads remained stable, as shown in Fig. 6(c) . Each of the 2D traps was still able to trap two beads with three beads trapped by the 3D trap, as shown in Fig. 6(d) . As the objective was moved upwards along the z direction, Bead 2 was brought into focus before Beads 1 and 3, which implies that Beads 1 and 3 were located higher along the z direction than Bead 2. Figure 6 (e) shows that Bead 2 was out of focus when Beads 1 and 3 were in focus.
The experiments discussed above demonstrate that the inclined DFOTs have the ability of creating multiple optical traps. With two fibers assembled on a block, control of the positions as well as the separations of the traps can be realized easily. With a single actuator, in our case, a 3D translation stage, attached to the fiber block, particle separation, stacking, and grouping can be achieved.
Simulations
Based on a ray-optics model [21,22], numerical simulations have been carried out to better understand the experimental results. The parameters used to obtain the simulation results are consistent with those used in the experiment to be the same as those used in the experiments. The net force (F n ) of the optical force, gravity, and buoyancy experienced by a bead in the trapping area is mapped on the yz plane, as shown in Fig. 7(a) . Each arrow represents the net force applied on a bead that is centered at the starting point of the arrow. The arrow direction and length indicate the force direction and magnitude, respectively. The optical axes (dashdotted lines) of the two optical beams exiting from the two fibers are plotted in Fig. 7(a) , which intersect at the origin of the xyz coordinate system. It should be noted that here, the optical forces are obtained under the assumption that only one bead exists in the optical field. However, in the real experimental situation that multiple beads are trapped, the distortion of the optical field by the upstream beads will influence the optical force applied on the downstream beads. This influence is beneficial to the trapping of downstream beads, because the upstream beads focus the light as a lens and the intensity gradient of the light can be increased, resulting in tighter downstream traps. Bead separation observed in the experiment can be explained according to the simulation results. Three beads corresponding to Beads 1, 2, and 3 in Fig. 3 are considered lying on a coverglass and located near the beam intersection initially. When the coverglass is moved along -z direction, the trajectories of the three trap positions (dotted curves in Fig. 7(a) ) are obtained as the equilibrium positions of the bead centers corresponding to different vertical levels of the coverglass. The equilibrium of Bead 2 is always located on the z axis due to symmetry of the system. The free body diagrams of the trapped beads centered at three different vertical levels A, B, and C are shown in Fig. 7(b) . According to the simulations (data not shown), the 3D trap is located 0.87 µm below the beam intersection (i.e., at point (0, 0, −0.87 µm)), where the net force (F n ) is zero. It is noted that this 3D trap position is the lowest equilibrium position of Bead 2. When the three beads are located above the 3D trap, for example, at z = -0.5 µm (Level A in Fig. 7(a) ), i.e., the coverglass is 2.87 µm below the beam intersection, the y-components of F n1 and F n3 are pointing to the center bead (Bead 2). Therefore, the normal forces (N 12 and N 23 ) are formed between the three beads. At the same time, the coverglass prevents the beads from being pushed down by the z-components of F n1 and F n3 . This corresponds to the experimental results shown in Fig. 3(b) . As the coverglass is moved along -z direction, the net force (F n2 ) applied to Bead 2 decreases and the normal forces (N 12 and N 23 ) become smaller. At z = -1.03 µm (Level B), F n2 reaches zero and the normal force (N s2 ) disappears, while Beads 1 and 3 are still pushed against the coverglass by F n1 and F n3 . As the coverglass is lowered beyond Level B, Bead 2 is lifted up from the coverglass and Beads 1 and 3 are pushed towards each other by F n1 and F n3 , respectively. This explains the reason why the trajectories of Beads 1 and 3 curve slightly inside towards the z axis. In experiment, this effect was observed as bead stacking, as shown in Fig. 4 . As the coverglass is lowered further, the y-components of F n1 and F n3 gradually change their directions and point away from the z axis, which results in the separation of Beads 1 and 3. For example, at z = -4 µm (Level C), Beads 1 and 3 separate and eventually settle at the positions of y = -6.2 µm and 6.2 µm, respectively. These simulation results can be used to explain the experimental results shown in Figs. 3(c)-3(f) . It is noted that the above discussions are based on the condition that the beads fall down from a position above the beam intersection. If, in another case, the beads are originally located below the beam intersection with Bead 2 centered on the z axis, Beads 1 and 3 will still be trapped in the 2D traps, but the trajectory of Bead 2 will depend on its original position [21] . If the net force points up at its original position (for example, z = −4), Bead 2 will be lifted and trapped by the 3D trap. Otherwise, Bead 2 will be pushed downwards along the z axis. Due to the Brownian motion, Bead 2 will move away from the z axis randomly (either towards left or right), and eventually it will settle at one of the 2D traps. Multiple beads 3D trapping can also be explained by the simulation results. Beads 1, 2, and 3 in Fig. 8 correspond to the three 3D trapped beads shown in Fig. 6 . Beads 1 and 3 are pushed towards the beam intersection (0, 0) by the optical forces, while the normal forces between the beads prevent Beads 1 and 3 from moving along the y and z axes. Bead 2 is pushed by the normal forces downward (along -z) from its original equilibrium (0, 0, −0.87 µm), resulting in an upward optical force applied on Bead 2. Bead 2 reaches new equilibrium when the optical force balances the normal forces applied by Beads 1 and 3. In this case, all three beads are trapped stably in three dimensions.
Bead stacking shown in Fig. 4 can also been explained. When the coverglass is close to the beam intersection, the outer beads (Beads 1, 3, and 4) are pushed inside by the optical forces (data not shown). If there is a small perturbation of the z position of Bead 4 due to Brown motion, Bead 4 will "climb" over Bead 3, which explains the experimental results shown in Fig. 4 .
Discussions
The experiment and the simulations demonstrate that the inclined DFOTs have the ability to create multiple traps. The positions of the traps can be controlled by controlling the position of the fiber block with a single actuator. The fiber block can also be rotated to change the orientation of the plane on which the three traps are aligned. Moreover, the separations between the three traps can be adjusted by simply tuning the height of the fiber block without bringing in another actuator. As the position of the fiber block is moved higher, both the height of the 3D trap and the separation between the two 2D traps can be increased. However, because the single actuator on the fiber block cannot provide enough degrees of freedom, the three traps cannot be adjusted independently, like what the holographic OTs can achieve [5, 12] . The height of the 3D trap is coupled with the separation between the two 2D traps. The ability of the inclined DFOTs for particle stacking implies that they can potentially be used for arranging trapped particles in a 3D pattern. As shown in Fig. 6 , seven trapped particles are arranged in four layers along the z direction. Due to the limitation of the current setup, no more than four layers along the z axis can be achieved. However, along the x axis, multiple fiber blocks can be introduced to create multiple layers of the trapped particles. Due to the physical size of the optical fibers (~100 µm), there will be a minimum achievable separation between the adjacent layers. To further reduce the layer separation along the x direction, the optical fibers can be thinned with hydrofluoric acid (HF) etching.
Although the current single inclined DFOTs setup can only create three traps, it is possible to create a large number of traps by integrating multiple inclined DFOTs due to the flexibility and compact size offered by this setup. In addition to the potential to be integrated, the fact that neither the objective nor the substrate plays a role in forming the traps bestows the inclined DFOTs advantages over objective-based OTs. The working distance (the distance that the 3D trap can be moved up) of the inclined DFOTs is not constrained by the substrate whereas that of the traps created with an objective is limited by the working distance of the objective, which is typically within 20 µm from the substrate for an oil immersion objective [23] . If imaging is not considered, the multiple traps created by the inclined DFOTs can work with any substrate, which is desirable for chip-based systems that use silicon or other lightproof substrates. It is worth noting that compared with the objective-based OTs, the trap quality of the inclined DFOTs is less susceptible to the location of the beam waist and the focus strength. This is due to the fact that the axial gradient force that is used to balance the scattering force for the objective based OTs is strongly influenced by the beam waist location and the strength of the focusing effect [24] . By contrast, the inclined DFOTs use the transverse gradient force from the other beam to balance the scattering force, and thus are more robust to the beam waist position and focus strength. In fact, it was found experimentally that when the beam intersection was around 17 µm downstream from the beam waists, the multiple traps were still retained. There is another advantage of the inclined DFOTs compared with objective based OTs, which is a higher allowable optical power. When used for manipulation of biological particles, because the beam spots at the traps are much larger for the inclined DFOTs, they can induce less damage to biological tissues than objective-based OTs at the same power. According to Reference [25] , an optical power as high as 800 mW for each beam can be used without optical damage to the trapped cells in the optical stretcher. Due to the fact that the gradient forces need to overcome the scattering forces in order to achieve a 3D trap, the optical forces induced by the inclined DFOTs in the yz plane are smaller than those generated with objective based OTs (on the order of 1 pN per 10 mW [2] ). However, one can increase the optical power to achieve a larger trapping force. It should also be noted that the x-axis optical forces of the inclined DFOTs, which are ~8 pN per 10 mW from each fiber [21], are at the same level as those of the objective based OTs.
Conclusions
Multiple optical traps, one 3D and two 2D traps, have been created at different vertical levels with an inclined dual-fiber optical tweezers setup. The positions of the multiple traps are controllable by moving the fibers as a block. The separations of the traps are tunable with a single actuator attached to the block. Particle separation, stacking, and grouping have been demonstrated with the multiple traps. Multiple beads were trapped in three dimensions and stacked up without contact with the substrate. The optical force field is investigated numerically to explain and understand the experimentally observed multiple functions of the inclined DFOTs. The inclined dual-fiber optical tweezers have potential to be integrated in microfluidic systems for parallel manipulation of micro-sized particles. The ability to separate particles that stick together endows this system the capability to study interactions in colloidal systems. The 3D trapping and stacking of multiple particles indicates that this system can potentially help arrange particles into 3D lattices.
